Abstract: Holographic optical tweezers are able to assemble and permanently join polystyrene microspheres into planar patterns using an acrylamide-based photopolymerization reaction. This approach holds potential as a new method for additive fabrication of multi-material microstructures.
Introduction
Since its debut in Arthur Ashkin's seminal 1970 paper [1] , optical trapping has been established as a method for application of precise forces on micro-and nano-scale particles. Computer-generated holography has extended this technique to allow for simultaneous manipulation of multiple particles in real-time [2] . One promising application area is to utilize holographic optical trapping (HOT) systems for the additive fabrication of microstructures by picking and placing individual particles. In this work, we outline a technique for arranging and joining planar arrays of microspheres. This approach offers a path toward assembly of multi-material structures, which can augment or complement other additive fabrication methods, such as microstereolithography.
Challenges related to the development of an HOT system for additive manufacturing fall in three areas -scaling, material handling, and joining -this work focuses a method for in-plane joining. Previous reports of joining particles with HOT have relied on the high affinity between microparticles coated with the complementary biomolecules streptavidin and biotin [3] , but this method requires that the two populations of particles remain separated until joined. Photothermal melting [4] has shown potential but requires very high laser intensities and it is difficult to localize the delivered thermal energy. Cyclic heating of the entire sample chamber above the softening point of the particles also allows for joining [5] but is time-consuming and not localized. Photopolymerization of localized regions in the aqueous medium presents a promising solution to this problem [6] . Here, we describe a photopolymerization chemistry and trap-plane hologram that allows for positioning and joining of 2-D microparticle arrays. These 2-D arrays hold potential as microstructural or microfluidic components.
Experimental
Particles are handled and assembled in a sample chamber consisting of a standard microscope slide and cover slip separated by approximately 40 microns. The photochemistry used here is inspired by the bulk-gel synthesis process described in [7] with concentrations adjusted to enable particle positioning without cross-linking at low laser power and localized photopolymerization at high power. The aqueous medium consists of 0.68 M acrylamide monomer, 17 mM bis-acrylamide cross-linker, 17 μM safranin dye photoinitiator, and 16 mM triethanolamine co-initiator (SigmaAldrich). All experiments used polystyrene microspheres of 4.2-micron diameter and no surface functionalization (Bangs Laboratories, Inc.). Figure 1 contains three example patterns. Oxygen is an inhibitor in a free-radical photopolymerization reaction so it is important to prepare the medium while reducing dissolved oxygen. We found that avoiding vigorous mixing (i.e. no vortexing) is sufficient for creating the patterns in Figure 1 ; however, we expect that performance may improve by enclosing the sample chamber in an oxygen-controlled environment to minimize or eliminate diffusion of atmospheric oxygen [8] .
The holographic optical trapping system used to trap, position, and join the microparticles consists of a continuous-wave laser (3 W at 532 nm, Laser Quantum Opus), spatial light modulator (Boulder Nonlinear Systems HSP0532-256), and a custom-built microscope with a 100x oil-immersion objective (Olympus Plan Apo Lambda, NA = 1.45). A MATLAB graphical user interface handles all system control, incorporating the adaptive-additive Gerchberg-Saxton algorithm [9] to calculate all holographic phase patterns.
In order to join adjacent microparticles, laser light must induce a photopolymerization reaction at their interface. A single point trap at the interface between two adjacent particles will cause the particles to arrange vertically along the beam's axis. In order to keep the microspheres in the trapping plane, the trap distribution is adjusted to deliver power in a distributed pattern as shown in Figure 2 . This hologram sends laser light to the small volume between particles while maintaining individual potential wells that hold the particles in a planar pattern. If the particles are floating against the coverslip, this pattern will also immobilize the particles to its surface.
It is important to take measures to reduce gradual polymerization of the surrounding medium due to the hologram's zero-order spot or background speckle patterns. Uncontrolled stray light gradually photopolymerizes the medium, increasing the viscosity of the fluid, eventually making further trapping and manipulation impossible. Future efforts will (1) place a dark-field zero-order stop at the focal point of a 4-f telescope downstream from the spatial light modulator and (2) address the speckle pattern with higher-quality holograms or a separate scanning laser for more localized power delivery. 
Results and Discussion
Microparticle positioning requires 20 mW per point trap and immobilization requires 100-150 mW line traps for approximately 5-10 seconds. Typical particle speeds during handling are 3-4 microns per second. To manually assemble the arrays in Figure 1 , 1-5 beads are trapped at a time. Since the aqueous medium with dissolved acrylamide is denser than the polystyrene microspheres, the particles float to the top of the sample chamber for easy retrieval. There is potential to automate the assembly process by incorporating automatic handling algorithms such as those presented in [10] . Further research will couple microfluidic fluid channels to the sample chamber to enable delivery of beads of multiple materials or diameters, as well as pure DI water to wash away unused particles. This work was performed in part under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344. LLNL-CONF-681278.
